Abstract High-temperature ignition is essential for the ignition and combustion of energetic metal fuels, including aluminum and magnesium particles which are protected by their highmelting-temperature oxides. A plasma torch characterized by an ultrahigh-temperature plasma plume fulfills such high-temperature ignition conditions. A new steam plasma igniter is designed and successfully validated by aluminum power ignition and combustion tests. The steam plasma rapidly stabilizes in both plasma and steam jet modes. Parametric investigation of the steam plasma jet is conducted in terms of arc strength. A high-speed camera and an oscilloscope method visualize the discharge characteristics, and optical emission spectroscopy measures the thermochemical properties of the plasma jet. The diatomic molecule OH fitting method, the Boltzmann plot method, and short exposure capturing with an intensified charge coupled device record the axial distributions of the rotational gas temperature, excitation temperature, and OH radical distribution, respectively. The excitation temperature at the nozzle tip is near 5500 K, and the gas temperature is 5400 K.
Introduction
Energetic metal fuel particles are commonly protected by their oxide films, which frequently have a high melting temperatures. Due to this, the ignition and combustion mechanisms are greatly altered from those of liquid fuels, and prompt ignition and continuous burning are hindered [1] . Therefore, it is a prerequisite that the igniting gas should be hot enough to quickly melt the oxide and provide sufficient heat to initiate continuous jet propagation. As reported in many studies [1−3] , the heating rate and the ambient temperature are commanding factors for reduction of ignition delay. In this regard, thermal plasmas provide a solution because the temperature of plasma jets is far greater than the boiling point of the metal oxides, causing instant evaporation of the metal oxides. The plasma ignition of metal particles seems to be a reaction-controlled process, as revealed in the authors' previous study [4] . In these experiments, aluminum powders with mean particle diameters of tens-of-microns were injected into a standing argon-plasma plume, and then the mixture product exhausting from the plasma plume was quenched onto a cold plate installed downstream. The product deposited on the flat collector was visualized using a high-resolution microscope, and was confirmed to be a thin layer of micron-sized aluminum particles. The product particles are much smaller than the injected aluminum particles with their sizes very narrowbanded. Considering that the reaction occurs in an inert argon gas, these small aluminum particles are seemingly caused by the evaporation of large particles and then homogeneous nucleation into numerous small particles. Evidently, the high-temperature plasma causes rapid evaporation of the metal particles into fuel gas and then the reaction with the oxidizer promptly occurs. A slow thermodynamic transition, primarily due to a metal fuel of low boiling temperature in conjunction with a metal oxide of high boiling temperature, no longer hinders the gasification of the metal fuel, hence the fast ignition. The thermal plasma method fulfills thermally energetic as well as stable ignition conditions unavailable in conventional ignition methods such as hydrocarbon sources [5] , hydrogen and oxygen [6] , propellants [7] , and laser igniters [8] . Thermal plasmas featuring high-temperatures and high energy densities are widely used in industry [9−11] for material forming, spraying, cutting, welding, and waste treatment, etc. In particular, steam plasmas of high enthalpy and oxidation reduction capacity are well suited for the ignition of underwater combustor systems. No gas supply is needed because the liquid water pumped evaporates while it flows through the regenerative cooling passage in the discharge chamber. Concurrently, the electrodes are cooled down since the heat is used in vaporizing e the cooling water. In addition, steam plasmas carry more enthalpy than gas plasmas because the additional input power is used in water evaporation. The unique features of steam plasmas can be ultilized for underwater ignition and combustion of metal fuels with efficiency and simplicity.
To this end, a new DC-type steam plasma igniter is developed for use in aluminum particle ignition. The igniter is intended to function in either the steam generator (feeder) mode or the igniter mode. To show its validity for metal powder ignition, the steam plasma igniter is tested in an atmospheric aluminum powder combustor. The plasma characteristics relevant to operation conditions are investigated in terms of the arc voltage and the steam pressure. The chemical compositions in the steam plasma plume are obtained using the fast-chemistry code. The arc characteristics, fluctuation of the arc, and current effects on the fluctuation of the jet are parametrically examined using a fast Fourier transform method in conjunction with a voltage waveform chart and high-speed camera. The optical emission spectroscopy method is employed to diagnose the steam plasma. The plasma properties, including the gas temperature, the excitation temperature, and the local OH radical concentrations, are measured and discussed.
Experimental set-up
A steam plasma igniter is developed for use in aluminum particle ignition. The DC-type igniter functions in either the steam generator (feeder) mode or the igniter mode. Fig. 1 portrays a cross-sectional view of the DC steam plasma igniter, which is composed of three functional sections: the cathode and anode for the generation of the plasma arc, the heating wire and the evaporator for storing the water in felt and controlling the evaporation rate, and a linear motor for remote actuation of the cathode rod in order to control the gap between cathode and anode. The liquid water fed into the annular fine felt wrapping the quartz tube cools down the electrodes. Concurrently, the water is evaporated into the steam and fed into the plasma torch to generate the steam plasma. The steam plasma arc occurs in the gap between the cathode and the anode. The cathode is made of a hafnium core (ϕ = 2.5 mm) embedded in a copper rod and the anode nozzle is made of copper. The heat released from the plasma reaction is transferred upstream causing the evaporation of the liquid water stored in the fine felt. The steam flows in the swirl-type evaporator and develops into a swirling steam flow while it is heated up. The resultant steam flow passes through the swirl hole inside the evaporator and enters the plasma arc as a vortex gas. The vertical steam flow exposed to the plasma arc is heated up, accelerated for continuity, and injected from the nozzle exit. The regeneration method peculiar to the steam plasma causes higher thermal efficiency because no electricity is wasted for electrode cooling. The electricity is supplied by an insulated gate bipolar transistor (IGBT) constant current power source with a maximum voltage output of 300 V. The arc current was set between 3 A and 8 A and was controlled by a current regulator.
The water fed into the steam plasma is in the liquid phase and unlike the gas plasma the steam plasma needs a lead time for the formation of a stable plasma jet. Here most of the lead time is seemingly spent in evaporating the water stored in the felt. In order to find the initial time required for the plasma jet stabilization, the evolutions of the arc voltage, current, and internal pressure were recorded and the plots are shown in Fig. 2 . The plots of arc voltage and current in Fig. 2(a) and pressure in Fig. 2(b) rise as the time reaches 20 s after the device switches on. In this initial period, the water in the discharge chamber could not be broken down under the applied DC voltage, and the current is carried between the cathode and anode. When the cathode contacts the anode via the liquid water, an electrical short circuit current takes place. The liquid water is heated into steam by electrical joule heating to form two coexisting phases in the discharge chamber. Once the cathode is separated from the anode, a steam plasma arc is formed and grows (the plasma arc fluctuation regime). During this period, the liquid water in the felt is soon evaporated in the discharge chamber. As more liquid evaporates into the vapor, the plasma arc shrinks and becomes more stable because the steam flow generates a strong vortex due to an augmented steam flow rate. Fluctuating plasma properties are readily attenuated as the arc voltage grows into a The characteristics of the steam plasma jet were elucidated using spectroscopic diagnostic techniques. Fig. 3 shows a schematic diagram of the experimental set-up; the steam plasma arc voltage was recorded using a digital oscilloscope (Tektronix, TDS2024B) at a high sampling rate sufficient for resolving arc fluctuations of several tens of kilohertz. To acquire the arc current signal a sampling resistance of 0.5 Ω was connected serially with the discharge circuit. A highspeed camera (Phantom, V7.3) recorded the arc movement at the nozzle exit with a frame rate of 170,000-180,000 fps. The plasma jet images were visualized by a low-speed digital camera (Canon, 5DMarkIII). OH radical concentrations in the steam plasma jet were measured using an intensified charge coupled device (ICCD) (Princeton Instruments, PIMAX3 1024i) with a UVNikkor 105 mm lens and three bandpass filters: UG11 (Thorlabs), WG305 (Thorlabs), and FF01315 (Semrock). A compact data acquisition package (National Instruments, 9174, 9219) was connected to the output of a high-temperature pressure transmitter (Kulite, XTEL-375) to acquire the pressure signal obtained at the hole drilled at the top of the nozzle inside the arc chamber.
In this study, the steam plasma has electron collision rates that are sufficiently higher than the spontaneous emission rate, which is the transition from the excited state to the ground state. Furthermore, assuming an electron temperature of 5000 K in the steam plasma jet, the minimum value of n e (obtained using the equation for local thermodynamic equilibrium (LTE)) is 7.49×10 15 cm −3 . Based on measurements using the H β Stark broadening method [12] , the electron densities of the steam plasma range from 1.29×10
16 cm −3 to 1.68×10 16 cm −3 . These values are slightly higher than the LTE electron number density for the measured temperature. Therefore, the electron densities in the steam plasma jet are deemed to satisfy the LTE state, and we analyze the characteristics of the steam plasma igniter jet using the optical emission spectroscopy method.
Optical emission spectrometry measures the chemically reactive radicals and temperature in the steam plasma jet. To compare the emission spectrum along the plasma jet, ultraviolet-visible (UV-VIS) and nearinfrared (NIR) optical fibers with a collimator were placed at various distances from the nozzle exit (0 mm< z <60 mm). The optical fiber was connected to a spectrometer (Princeton Instruments (SP-2558 (Monochrometer), 256BR-CCD (UV-VIS), InGaAs detector (NIR)) with spectral resolutions of 0.04 nm (UV-VIS) and 1 nm (NIR), covering a spectral range of 200-1700 nm. The spectrometer was calibrated using a standard lamp to precisely measure the spectrum of the integrated light emitting from the plasma plume.
Results and discussion
The steam plasma jet is distinguished by three thermal regions in terms of the gas temperature: the arc region, the plasma jet region, and the downstream region ( Fig.4 ) [13] . The arc region is located in the space between the cathode and anode where the arc is located. The plasma jet region is a high-temperature region (approximately 5000 K) near the nozzle exit. In the downstream region on top of the plasma jet the temperature drops rapidly (approximately 1000 K). With regard to industrial applications, the high-temperature region is of primary interest. In particular, the ignition of aluminum particles depends strongly on the volume of the high-temperature region of the steam plasma. 
Steam plasma chemistry
The ignition depends strongly on the thermal and chemical properties of the steam plasma, in particular for the ignition of aluminum particles, a temperature higher than the melting temperature of the aluminum oxide and radicals for aluminum oxidation are essential. To this end the thermal and chemical properties of the steam plasma need to be known in advance. The thermal plasma is typically assumed to be at LTE so that the plasma properties are conveniently obtained using the fast-chemistry code. In this study, the chemical composition was computed using STANJAN [14] in conjunction with the JANNAF database [15] , and Fig. 5 plots the species concentrations in terms of the temperature. The plasma reaction is activated as the temperature rises over 2000 K, and the dissociation of steam into O and H occurs at over 2500 K. This plasma property fulfills the conditions for aluminum particle ignition since the plasma gas temperature is typically higher than this temperature. Prompt particle vaporization and active reaction were expected. 
A steam plasma igniter for aluminum powder combustion
The steam plasma ignition of aluminum particles was predicted to be possible, and thus a metal-particle combustion system in conjunction with the dual-mode steam plasma igniter was set up. Details on the experiments are available in the authors' previous studies [16] . To confirm the validity of the steam plasma method for the ignition of aluminum powders, an AlO radical known to be generated in aluminum ignition and combustion was measured ( Fig. 6(a) ). The integrated light signal from the aluminum powder jet was obtained using a four-leg optical fiber and the spectral analysis results shown in Fig. 6(b) confirm AlO peaks. Additionally, to confirm the combustion and ignition of aluminum by the steam plasma, we collected the combustion product and conducted X-ray diffraction (XRD) and energy dispersive spectroscopy (EDS) analyses. Fig. 7 is the XRD analysis graph for the aluminum combustion product generated by the steam plasma. We confirmed the presence of solid state Al 2 O 3 , which is the final product of aluminum combustion and ignition. Furthermore, the EDS analysis (Fig. 8) . In the EDS atomic analysis result, the atomic ratio [O]:[Al] was 1.36, which is less than 1.5. This is due to the influence of a small amount of unburned aluminum. However, by comparing the EDS result with that of the Al 2 O 3 XRD, we confirmed that the Al 2 O 3 is generated by the steam plasma igniter. Based on these results, we confirmed that the steam plasma did achieve aluminum combustion and ignition.
Ignition performance
In the event of a steam plasma, the input power is the single parameter commanding the plasma performance. The steam pressure in the discharge chamber was measured using a high-temperature pressure transmitter at an input power ranging from 0.6 kW to 1.6 kW. Here the steam pressure corresponds to the volumetric flow rate of the steam hence the amount of the sensible enthalpy of the plasma jet. Fig. 9 presents the plot of pressure rising linearly with the input power. Since all of the input energy is used in plasma generation with none used for cooling, the plasma jet properties become directly proportional to the input power. Fig.9 The effect of input power on the absolute pressure in the discharge chamber
The linear dependence of the igniter properties on the input power is confirmed in the analysis of water consumption rate in Fig. 10 . The water consumption rate was measured by changing -the current in the plasma operation mode, and at one input current the water mass was recorded using the weight method for 600 s and averaged. Fig. 10 shows the water consumption rate linearly rising with the input arc current. Fig.10 The effect of the input arc cruuent on the water consumption rate Thermal efficiency is commonly an essential factor determining the performance of a thermal plasma for its used in industry. As stated above, a steam plasma employs regenerative electrode cooling with no loss of thermal energy. The working plasma gas is generated while the electrode is cooled down, that is, the liquid water is evaporated due to the supply of enthalpy from the hot electrode and heated up in the vicinity of the anode due to massive heat transfer from the arc discharge. By virtue of this natural cooling and evaporation mechanism, the steam plasma igniters do not require an extra coolant circuit and thus used all their input power for plasma generation. The thermal efficiency of the steam plasma igniter is calculated simply by dividing the effective input power by the total input power. Here, the energy loss is ascribed to thermal radiation from the anode surface to the ambient air and the convection between them. The thermal efficiency [5] of the present steam plasma igniter is approximately 92.2%.
Arc characteristics
Arc characteristics of the steam plasma are shown by the arc movement and current profile for the arc current in the range of 3-8 A. Snap shot images of the steam plasma taken by a high-speed camera with time intervals of 5.9 μs and 5.7 μs are presented in Fig. 11(a) and (b), respectively. The plasma arc is erupting from the nozzle exit while fluctuating in the axial direction. The plasma arc is bent in the axial direction, and an anodic arc root appears on the surface of the nozzle when the plasma arc exits the discharge chamber. It is noted that unlike typical gas plasma, the steam plasma undergoes a unique arc voltage fluctuation. In the event of a general non-transferred plasma, the spot for arc attachment on the anode surface is moved by the drag force which lengthens the arc column and thus causes an increase in the arc voltage [17−19] . However, the anodic arc spot and arc root of the steam plasma are observed to be fixed on the surface of the nozzle exit after the arc exits the inner discharge chamber of the steam plasma igniter. Also observed is that with increasing arc voltage the steam plasma arc spot and arc root expand and leave the discharge chamber, and then the arc column stretches out and becomes more bent before reaching maximum arc column length.
Voltage waveforms for operating currents of 3 A and 6 A are shown in Fig. 12 , which corresponds to the arc images shown in Fig. 11(a) and (b) , respectively. Similar to the arc evolutions, the arc voltage fluctuates in a sawtooth waveform featuring dynamic behavior of the arc discharge in the DC plasma. The frequency of the arc voltage matches that of the fluctuating plasma arc column shown in Fig. 11 . Generally, arc movement is influenced by the gas drag force and Lorentz force [18, 19] . Unlike typical DC plasma currents of several hundred amperes, in the present steam plasma the arc current is low and thus the arc is exerted mainly by the drag force so the arc voltage rises to its maximum without disturbing the Lorentz force [19] . As a result, a sawtooth-shaped voltage waveform occurs. Without the Lorentz force, the drag force draws the arc longer and amplifies the arc voltage fluctuation. In view of the voltage waveforms in Fig. 12 , the arc discharge of the steam plasma would evolve into the restrike mode. In this mode, the arc voltage fluctuation results in a shorter plasma arc length between the cathode and anode and a longer-period oscillation. In addition, the temperature and velocity fields of the plasma jet change more slowly than the dynamic movement of the arc discharge, and the high restrike frequency stabilizes the thermal plasma [19] . Voltage waveform plots at different arc currents in the range of 3-8 A are shown in Fig. 13(a) with their spectra in Fig. 3(b) . The valley-to-peak period becomes shorter as the arc current rises from 3 A to 8 A, that is, the steam plasma arc frequency rises with the arc current. At a higher arc current, both the Joule heating and the steam heating are augmented, increasing the volumetric flow rate and correspondingly the drag force. Fig.12 The voltage waveforms at arc currents of 3 A and 6 A
Thermal and chemical characteristics of the plasma jet
The effects of the arc current on the plasma jet characteristics were investigated. Fig. 14(a) shows slowspeed snapshot images of the plasma jet and Fig. 14(b) the distribution of OH concentration in terms of the arc current ranging between 3-8 A. Ignition of the plasma arc occurs as the cathode contacts the anode and a relatively long plasma jet is formed. As the volumetric flow rate of the steam grows with increasing evaporation rate, the plasma jet gradually shrinks until its stabilization. Initially, since the vertical flows are not strong due to a low flow rate, the plasma jet stays in a laminar regime. When the steam plasma reaches its steady state, however, the high flow rate of the steam generates a strong vortex and the resultant jet is turbulent. Fig. 14(a) shows the steam plasma arc and jet extending with the arc current. This distinct effect of the arc current seems to be caused by the restrike frequency increasing with the arc current ( Fig. 12(a) and (b) ). At a higher restrike frequency, both the steam evaporation rate and the discharge chamber pressure rise and subsequently the jet momentum.
Shown in Fig. 14(b) are the distributions of the OH concentrations in the plasma jet in term of the arc current. Here, the OH concentrations (A
, v = 0 band) were measured using an ICCD with a 10 μs gate width. Evidently, the OH concentrations grow higher with the arc current. Interestingly, the OH concentration contours in Fig. 14(b) show that the occurrence of the OH radical is distinguished by two regimes. On one hand, the dissociation of the water vapor occurs in an egg-shaped plume anchoring at the nozzle exit. With an increase in the arc current, the OH concentration grows higher, however, its geometry appears almost unaltered. In the second regime occurring next to the first regime, OH concentration drops immediately, indicating prompt expense of OH radicals due to association. Elucidation of these interesting phenomena remains as a future task.
Intermediate chemical species essential to the steam plasma reaction with characteristic wavelengths in the range of 200-1700 nm were identified using optical emission spectroscopy, and their intensity spectra are depicted in Fig. 15 . The spectrum of the steam plasma chemistry is clearly characterized by the hydrogen lines in the Balmer and Paschen series and OH emission lines. As expected, the steam plasma reaction is directly associated with the dissociation of water into H, OH, and O radicals, and higher concentrations of H and OH lead to active plasma reactions. To ignite metal particles using the plasma igniter, the plasma jet temperature should be higher than the oxide melting temperature (∼2400 K). To this end, the spectroscopic method was employed to find the excitation temperature and gas temperature of the steam plasma jet. Here, the excitation temperature (T exc ), which measures the excitation capacity of the atoms within the plasma jet, can be obtained using the Boltzmann plot method [20, 21] with the relative intensities of the hydrogen Balmer series radicals under the assumption of LTE. The hydrogen Balmer line data were referenced from the atomic database of NIST [22] . The hydrogen measurement yields five Balmer lines including the fifth. But the fifth H ε is typically not highly resolved and is thus excluded and only four Balmer lines were considered. Fig. 16(a) shows the Boltzmann plot at the nozzle tip (z = 0 mm) and Fig. 16(b) the axial distribution of the excitation temperature from the nozzle tip to the axial location of z = 30 mm. The excitation temperature at the nozzle tip was 5500 K and decayed in a linear fashion along the plasma jet axis to 4500 K. The slope of decaying excitation temperature is not steep, indicating that the plasma is highly reactive throughout the whole plasma jet. The spectroscopic method was used to measure the gas temperature, which is closely related to the rotational temperature [23] . Optical signals emitted from the plasma jet were obtained through an optical fiber with a collimator placed at a specific axial distance. The emission data of OH (A-X, 306-310 nm) spectrum were used for the gas temperature calculation. The rotational temperature was found by comparing the measured emission spectrum with the synthetic spectrum simulation results [20,22−24] . The synthetic spectrum simulation method by Izzara [24] and OH spectra data by Dieke and Crosswhite [25] were used. Fig. 17 (a) shows good agreement between measured (empty circles) and predicted (solid lines) OH intensities when the gas temperature is 5400 K. In Fig. 17(b) , the axial distribution of the gas temperature is shown. Here the axial locations from the nozzle tip to 60 mm downstream were considered. The pressure was atmospheric and the DC power was 1.6 kW (8 A, 200 V). The upstream gas temperature at the nozzle tip was measured to be 5500 K and decayed in a linear fashion along the plasma jet axis to 1000 K. The downslope of the gas temperature is steeper than the excitation temperature, limiting the aluminum particle ignition within short axial distance of 40 mm.
Conclusions
High temperature ignition is essential to the ignition and combustion of energetic metal fuels, including aluminum and magnesium particles protected by their ox- ides, which have high melting temperatures. A plasma igniter characterized by an ultrahigh-temperature plasma plume fulfills such high-temperature ignition conditions. A new DC-type steam plasma igniter is developed for use in aluminum particle ignition. The igniter is intended to function in either the steam generator (feeder) mode or the igniter mode. To show its validity for metal powder ignition, the steam plasma igniter is tested in an atmospheric aluminum powder combustor, and successful aluminum powder ignition and combustion is identified.
The characteristics of the plasma igniter relevant to operation conditions are investigated in terms of various parameters. The chemical composition is computed and it is found that the plasma reaction is activated as the temperature rises over 2000 K, and the dissociation of the steam into O and H occurs at over 2500 K. This plasma property fulfills the conditions for aluminum particle ignition since the plasma gas temperature is typically higher than this temperature. Prompt particle vaporization and active reaction is expected. To confirm the validity of the steam plasma method for the ignition of aluminum powders, an AlO radical known to be generated in aluminum ignition and combustion is measured. An integrated light signal from the aluminum powder jet is obtained using a four-leg optical fiber and the spectral analysis results confirm AlO peaks. In addition, the ignition products are collected and the chemical components investigated using XRD. The peaks of pure aluminum and the products of steam plasma ignition are compared. The XRD pattern of the aluminum oxide is clearly distinguished from the pure aluminum peaks. In steam plasmas the input power is the single parameter commanding the plasma performance. The steam pressure corresponds to the volumetric flow rate of the steam, hence the amount of the sensible enthalpy of the plasma jet; this produces a pressure plot that rises linearly with the input power. Since all of the input energy is used in the plasma generation with no energy cost for cooling, the plasma jet properties become directly proportional to the input power. Thermal efficiency is commonly an essential factor determining the performance of thermal plasmas for use in industry. Because the steam plasma employs regenerative electrode cooling with no loss of thermal energy, it achieves a high efficiency of approximately 92.2%. The arc characteristics of the steam plasma are shown by the arc movement and current profile for various arc currents. The anodic arc spot and arc root of the steam plasma are observed to be fixed on the surface of the nozzle exit after the arc exits the inner discharge chamber of the steam plasma igniter. Also observed is that with increasing arc voltage the steam plasma arc spot and arc root expand and leave the discharge chamber, and then the arc column stretches out and becomes more bent before reaching maximum arc column length. In view of the voltage waveforms, the arc discharge of the steam plasma would evolve in the restrike mode. In this mode, the arc voltage fluctuation results in a shorter plasma arc length between the cathode and anode and a longer-period oscillation. In addition, the temperature and velocity fields of the plasma jet change more slowly than the dynamic movement of the arc discharge, and the high restrike frequency stabilizes the thermal plasma. The voltage waveform is plotted for different arc currents. The valley-to-peak period becomes shorter as the arc current increases from 3 A to 8 A, that is, the steam plasma arc frequency rises with the arc current. At a higher arc current, both the joule heating and the steam heating are augmented, increasing the volumetric flow rate and, correspondingly, the drag force.
The thermal and chemical characteristics of the plasma jet are investigated using optical emission spectroscopy. OH radical concentrations are measured using an ICCD. Evidently, OH concentrations grow higher with the arc current. Interestingly, the OH concentration contours reveal that the occurrence of the OH radical is distinguished by two regimes. On one hand, the dissociation of the water vapor occurs in an egg-shaped plume anchoring at the nozzle exit. With an increase in the arc current, the OH concentration grows higher, however, its geometry appears almost unaltered. In the second regime occurring next to the first regime, OH concentration drops immediately, indicating prompt expense of OH radicals due to association. Intermediate chemical species essential to the steam plasma reaction with characteristic wavelengths in the range of 200-1700 nm are identified. The spectrum of the steam plasma chemistry is clearly characterized by the hydrogen lines in the Balmer and Paschen series and OH emission lines. As expected, the steam plasma reaction is directly associated with the dissociation of water into H, OH, and O radicals, and higher concentrations of H and OH lead to active plasma reactions. To ignite metal particles using the plasma igniter, the plasma jet temperature should be higher than the oxide melting temperature. To this end, the spectroscopic method is employed to find the excitation temperature and gas temperature of the steam plasma jet. The excitation temperature, which measures the excitation capacity of the atoms within the plasma jet, can be obtained using the Boltzmann plot method with relative intensities of the hydrogen Balmer series radicals. The excitation temperature at the nozzle tip was 5500 K and it decays in a linear fashion along the plasma jet axis to 4500 K. The slope of the decaying excitation temperature is not steep, indicating that the plasma is highly reactive throughout the whole plasma jet. The gas temperature is found by comparing the measured emission spectrum with the synthetic spectrum simulation results. The axial locations from the nozzle tip to 60 mm downstream are considered and the upstream gas temperature at the nozzle tip measures a 5500 K and decays in a linear fashion along the plasma jet axis into 1000 K. The downslope of the gas temperature is steeper than the excitation temperature, limiting the aluminum particle ignition within the short axial distance of 40 mm.
